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I. Introduction
The rotating disk electrode has been widely used as a tool for studying electrode processes and mass transfer because the velocity and concentration profiles can be predicted theoretically and the strong forced convection eliminates the effects of natural convection. Two main branches of work have been done in this field:
/ I. to study mass transfer processes by means of the limiting current / / density or to obtain the diffusion coefficient as a function of concentration.
ii. to study electrode kinetics b means of the polarization curve, the Schmidt number is not infinite.
due to the high mass-transfer rate the interfacial velocity at the electrode surface is not zero.
the physical properties, such as density, viscosity, diffusion coefficient, and specific conductivity, are not constant but vary through the diffusion layer as the concentration varies.
included in the concentration gradient, particularly in the calculation of the concentration over-potential.
5 the current density at the disk is not uniform because the ohmic potential drop is not uniform 6. the fluid flow is not laminar.
.
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Most of the known electrode reactions take place with both over-
• potentials and a certain amount Of ohmic potential drop.
• None of them is • negligible compared with the others. with the reaction occurring at the electrode surface, since it is not obvious how to.measure these effects separately. The surface overpotential is thus concerned with the physical situation at the electrode surface, such as the surface condition, the current density at the surface, and the concentration at the electrode surface(
Generally the surface overpotential is defined as the potential of the electrode minus the potential of a reference electrode of the same kind located just outside the diffuse double layer and is obtained from measured potentials by correction for the concentration overpotential and -the ohmic drop according to eqition (1). On th6 basis of empirical evidence, the relationship between current density and surface overpotential can frequently be expressed as
RT where iis the exchange current density and depends on the concentration at the surface, a is the transfer coefficient, and n, F, R, and T have their usual meaning.
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The concentration overpotential, as its name implies, is concerned -.
with the overpotential arising due to the concentration difference between the bulk solution and the surface of the electrode. Let ti.
1
be the potential of a reference electrode near the working electrode minus the potential of a reference electrode in the bulk, and let jM ohm be the .potential difference which would exist if there were the same current distribution but no concentration gradient in the diffusion layer. Then the concentration overpotential is defined as 5..:..
For metal deposition from a binary electrolyte the concentration overpotential is
dy.
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The first term represents the potential of a concentration cell, and the / second term is the change in the ohmic dro due to the variation of the conductivity within the diffusion layei. Newman and Hsueh 8 have calculated concentration overpotentials according to equation (4) for copper deposition from copper sulfate solutions.
• Finally, the ohmic drop of the solution is calculated by solving Laplace's equation for the potential distribution outside the diffusion layer. This involves the specific arrangement of the walls of the cell, , the counter electrode, and the size of the insulating part of the disk.
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In addition the current distribution, on the disk electrode must agree with the overpotential and concentration distribution on the disk. However, '
as an approximation we may use the potential distribution corresponding to the primary current distribution for a disk embedded in an infinite insulating plane with the counter electrode at infinity, as calculated by Newman10 . The more general problem of calculating the current distribution' below the limiting current will be treated in a separate paper . With the. primary current distribution, the ohmic potential drop is .
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The distance parameter X refers to the placement of the reference. electrode ., . . Since the theoretical analysis involves a binary electrolyte, a metal deposition reaction in the absence of supporting electrolyte--the system of copper electrode and aqueous copper sulfate solutions--was chosen for this investigation, in spite of the fact that it has the following experimental difficulties the electrode surface cannot remain unaltered.
the plateau is not clearly defined in a current-overvoltage
Because of the inevitability of surface changes during a metal deposition reaction, one needs to know how smooth the electrode surface
should be or what is the maximum tolerable roughness in order to main tain the theoretically expected velocity profile.
12 13 From the studies of Ibi and Schadegg, Rogers and Taylor, and •.
• Karasyk and Linford1, we concluded thatin order to xnaintainhydrodynamic smoothness of the electrode surface, care should be taken that the limiting current density is not exceeded during the polarization measurements, and once a surface reaches the limiting current density, it should
• be retreated before beThg used for further measurement.
Since there was no supporting electrolyte in this work, the electrical conductivity was very low compared to most other work in this field.
Because the ohmic drop in the solution was high compared with the concentration and surface overpotential, the plateau on the current-voltage curve due to concentration polarization was essentially overshadowed, and it was difficult to locate the limiting density by a current vs.
• voltage measurement. For this reason, the limiting speed method was developed; that is, instead of keeping the rotating speed constant and varying the current density, as most other experimenters have done, we held the current density constant and varied the rotation speed. Thus • the ohmic potential drop was kept nearly constant throughout a run.
The measurement of limiting speed has the same physical significance as a limiting-current-density measurement. The limiting current density gives the minimum current required to discharge all the reactive ions • brought to the electrode surface at a given speed of rotation, whereas the limiting speed gives the minimum speed required to supply the reactive ions at a given current density. Both measurements correspond to a zero concentration of ions at the electrode surface.
Design and Description of Electrodes
Cathode (Rotating Disk Electrode)
The size and the shape of the rotating disk electrode is important the size of the shaft should be less than 30% of the size of the disk, so that the shaft will not affect the main stream of flow..
. the thickness of the disk should be less than 1/3 0 of the disk diameter, so thatLthere will be no edge effect.
the Reynolds number at the edge should be lees than 2 x lO in
order to maintain laminar flow. .
• The disk has been carefully designed to meet the requirements listed The central part of the electrode was machined from oxygen-free, high purity copper to precise dimensions and then embedded in an epoxy resin cast. It was further machined to the desired shape.
The disk was attached to a spindle which was tightly fitted in two 7/8-inch o.d. New Departure 77 RC bearings. These bearings were mounted inside a heavy brass bearing case in order to keep the eccen-/ . .... tricity as small as possible. The eccentricity at the edge of the disk was measured to be less than 0.002 inch.
Anode
The anode was designed to provide an area more than 100 times 1arger than the cathode for the purpose of minlimizing the anodic over- with an accuracy of l%.by a strobotac (General Radio Co., Type 631-BL).
Experimental Procedure /
Reagent grade CuS0 was used without further purification. Distilled.
water was used in the preparation of all solutions. Cylinder nitrogen was bubbled through the solution to expel all dissolved oxygen, which may affect the surface of the electrode during the reaction. The temperature was 25 0 C. -Before each run, the surfaces of the electrodes were cleaned as follows:
The electrodes were polished with 600-A silicon carbide paper until all previous traces of deposit or corrosion were gone. The maximum scratch on the surface is then on the order of 10 .t (10 3 cm).
The cathode was further polished on plate glass using fine lens powder (aluminum oxide powder mixture) of 0.3 grain size as grinding
• compound. -
The electrode was washed with carbon tetrachloride followed by 5% sodium carbonate solution.
• 4. The surfaces were rinsed with tap water followed by distilled water.
The disk electrode was initially set at a relativeky high speed .
(5-10 times higher than the "limiting speedtt). The speed was decreased by decreasing the voltage to the motor which drove the.shaft of the disk. The total overpotential was not very sensitive to this decrease of speed at a given current density until it came close to the limiting speed where the potential sharply increased. At this point the rotation speed was measured by a strobotac. A typical plot of the potential of the disk electrode vs. the rotation speed is shown in figure 3 .
III. Results
The limiting speeds ranging from 60 rpm to 500 rpm were measured at constant current density according to the procedure given, in the previous Fig . 4 ii.
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well with the theoretical results at high concentration. A trace of • impurity in. the low concentration copper sulfate solution without supporting electrolyte may depress the migration effect considerably 15 .
• Table 1 . Limiting currents for copper deposition.
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In the classical measurement of the limiting current density, the current is dv: cié èjëc1rdde potential relative to the reference electrode (v in equation ( a.
-transfer coefficient.
-mean molal activity coefficient -concentration overpotential II S -surface overpotential K -specific conductivity (mho/cm).
X -distance parameter, defind in equation (6) AO.
potential difference between reference electrode just outside diffuse double layer and one outside the diffusion layer.
-ohmic potential drop ohm -rotation speed (radians/sec or rpm)
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